INTRODUCTION
============

Comparative chloroplast (cp) genomic studies provide an invaluable source of information for understanding plant evolution and plant phylogeny. Therefore, the cp genome is the most widely studied genome when compared to the two other genomes found in plant cells. Approximately 400 cp genome sequences for land plants are available from a public database, but the majority of them belonged to seed plants (<http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?opt=plastid&taxid=3193>). The cp genomes hold numerous important evolutionary features, including structural changes, gene content differences, and base substitution patterns.

Structural changes in the cp genome, such as gene rearrangements ([@b2-molcell-37-5-372-3]; [@b46-molcell-37-5-372-3]; [@b59-molcell-37-5-372-3]), gene/intron losses or duplications ([@b14-molcell-37-5-372-3]; [@b16-molcell-37-5-372-3]; [@b19-molcell-37-5-372-3]), and small inversions ([@b22-molcell-37-5-372-3]; [@b62-molcell-37-5-372-3]) are well known at the genus, family, or ordinal levels of seed plants. Therefore, the genome evolution and phylogenetic relationships of seed plants are relatively well understood. However, the cp genome studies in ferns are limited to just a few lineages.

One of the distinct features of cp genomes is its high levels of adenosine and thiamine (AT) content ([@b37-molcell-37-5-372-3]; [@b41-molcell-37-5-372-3]). However, a relatively wide range of AT content variation was reported for a number of different plant lineages ([@b41-molcell-37-5-372-3]). The GC content differences in the cp genomes usually correlate well with codon usage bias. The effective number of codons (ENCs) represents a simple way to measure synonymous codon usage bias and is independent of coding region length and amino acid composition ([@b58-molcell-37-5-372-3]). Therefore, the comparative ENC values may show a broad spectrum of base usage patterns among major lineages of plant groups.

Ferns are an important plant group for the understanding plant evolution because of the long evolutionary history and the complicated phylogenetic relationships ([@b34-molcell-37-5-372-3]). The extant ferns are composed of one monophyletic class and 11 monophyletic orders ([@b35-molcell-37-5-372-3]). Since the physical map of the *Osmunda cinnamomea* cp genome was known ([@b30-molcell-37-5-372-3]; [@b31-molcell-37-5-372-3]), many researchers tried to understand the ferns cp genome evolution. Recently, the complete cp genome sequences of four orders of eusporangiate ferns were analyzed, and the data aided in understanding the evolutionary history of eusporangiate ferns ([@b13-molcell-37-5-372-3]; [@b20-molcell-37-5-372-3]). In leptosporangiate ferns, the six complete cp genome sequences have been reported. These are *Alsophila spinulosa* ([@b9-molcell-37-5-372-3]), *Adiantum capillus-veneris* ([@b54-molcell-37-5-372-3]), *Cheilanthes lindheimeri, Pteridium aquilinum* subsp. a*quilinum* ([@b57-molcell-37-5-372-3]), *Lygodium japonicum*, and *Marsilea crenata* ([@b10-molcell-37-5-372-3]). In addition, the incomplete sequences were also used for the reconstruction of the fern trees ([@b56-molcell-37-5-372-3]). Although the comparative cp genome studies of eusporangiate ferns and leptosporangiate ferns were published, it is still difficult to understand cp genome evolution from all fern lineages because there is a lack of cp genome data for the early diverged fern lineages. This appears as missing links in data.

In order to provide the data in the missing lineages, we report three complete cp genome sequences from the early diverged leptosporangiate ferns in this paper. Two are newly reported groups (Osmundales and Gelicheniales) and one (Schizaeales) is a previously reported group. Using these data, we address the following two questions about cp genome evolution of early diverged leptosporangiate ferns: (i) which of the cp genome structures are more similar to that of basal Osmundales, and (ii) whether or not Osmundales really have an intermediate-type cp genome that is between eusporangiate and leptosporangiate ferns.

Osmundales consists of a monophyletic family, three genera, and ca. 20 species ([@b42-molcell-37-5-372-3]), but it includes more than 150 fossil species ([@b49-molcell-37-5-372-3]). Many researchers consider the Osmundales to be closely related to eusporangiate ferns ([@b33-molcell-37-5-372-3]; [@b34-molcell-37-5-372-3]; [@b38-molcell-37-5-372-3]; [@b39-molcell-37-5-372-3]; [@b53-molcell-37-5-372-3]). Osmun-dales also have been considered as intermediate taxa between eusporangiate and leptosporangiate ferns based on their external appearance, and anatomical and meristem characteristics ([@b3-molcell-37-5-372-3]; [@b4-molcell-37-5-372-3]; [@b8-molcell-37-5-372-3]; [@b11-molcell-37-5-372-3]). Using fossil records, Osmundaceae could be traced back to the Late Permian period, but the genus *Osmunda* was known from the Late Triassic period. *O. cinnamomea* seemed to exist since the Late Cretaceous period ([@b47-molcell-37-5-372-3]) and was identified as a sister species to the rest of the Osmundaceae ([@b26-molcell-37-5-372-3]; [@b61-molcell-37-5-372-3]). Considering the morphological characters and phylogenetic relationship of ferns, the cp genome of *O. cinnamomea* could be regarded as an ancestral type from leptosporangiate ferns.

Gleicheniales consists of three families, 10 genera, and ca. 140 species, and most of the species are members of Gleicheniaceae ([@b42-molcell-37-5-372-3]). Gleicheniaceae is considered as an old lineage originating from the Permian ([@b34-molcell-37-5-372-3]; [@b47-molcell-37-5-372-3]). We report the cp genome sequence of *Diplopterygium glaucum,* which was a synonym of *Gleichenia japonica* ([@b17-molcell-37-5-372-3]), and was widely distributed in the Asian tropics.

Schizaeales consists of three families, four genera, and ca. 155 species ([@b42-molcell-37-5-372-3]). The oldest Schizaeaceae fossil originated from the Jurassic period ([@b47-molcell-37-5-372-3]), and Schizaeales diverged from the core leptosporangiate ferns in the Permian ([@b34-molcell-37-5-372-3]). The genus *Lygodium* is considered as a basal group in the Schizaeales ([@b39-molcell-37-5-372-3]), and the cp genome of *Lygodium japonicum* had two large inversions and gene deletions ([@b10-molcell-37-5-372-3]; [@b56-molcell-37-5-372-3]). We report the cp genome sequences of a Korean population of *L. japonicum*.

In this study, the complete cp genome sequences of *O. cinnamomea* and *D. glaucum* filled the evolutionary gap between eusporangiate and leptosporangiate ferns and gave us information, such as gene/intron losses, inversions, codon usage bias, and patterns of repeating units in early diverged leptosporangiate ferns, thus allowing us to understand cp genome evolution in these interesting phylogenetic groups. In addition, knowing the complete cp genome sequence of *L. japonicum* is helpful to understanding the cp genome evolution between Chinese and Korean populations.

MATERIALS AND METHODS
=====================

DNA extraction, sequencing, and assembling
------------------------------------------

*O. cinnamomea* (KUS 2006-0338), *D. glaucum* (KUS 2000-0022), and *L. japonicum* (KUS 2007-0451) were collected in Korea. All voucher specimens were kept in Korea University's Herbarium (KUS). The genomic DNAs of *O. cinnamomea* and *D. glaucum* were isolated from the fresh leaves by the CTAB method (Doyle and [@b6-molcell-37-5-372-3]) and purified by ultracentrifugation in cesium chloride/ethidium bromide gradients. We designed common primer sets based on the cp genome sequence in ferns using known complete cp genome sequences. Using the primers, we amplified the 5--10 kb overlapping cp genome fragments using TaKaRa LA Taq by PCR. PCR products were sequenced by Big-Dye chemistry and ABI3730XL. For *L. japonicum*, the chloroplasts were isolated by sucrose step-gradient methods ([@b29-molcell-37-5-372-3]), and the cp genome was isolated using 5x lysis buffer ([@b18-molcell-37-5-372-3]). The cp genome of *L. japonicum* was sequenced using GS-FLX 454 at Macrogen Co. (Korea). A total of 108,241 sequence reads were generated. A total of 4,430 reads were fully incorporated into the assembly and 2,595 reads were partially incorporated. There were 400 contigs over 500 bp, and the largest contig was 13,610 bp. Gaps were filled by PCR. All sequenced contigs were de novo assembled using Geneious 6.1.2 ([@b21-molcell-37-5-372-3]). Gene annotations were performed by DOGMA ([@b60-molcell-37-5-372-3]) and tRNAscan ([@b25-molcell-37-5-372-3]). Then, the exact positions of all genes were determined by local BLAST searches using the gene database of ferns obtained from NCBI.

Phylogenetic analyses and comparative sequence analyses of cp genomes
---------------------------------------------------------------------

Thirty-five cp genome sequences were used for the phylogenetic analysis ([Table 1](#t1-molcell-37-5-372-3){ref-type="table"}). We sampled all of the published complete cp genome sequences from monilophytes (14), lycophytes (4), and bryophytes (5), and eight selected species from spermatophytes. Two charophytes were included as out-groups. In addition, two unpublished monilophytes sequences were also included in these taxon samplings (H.-T. Kim and K.-J. Kim, unpublished data). Eighty-nine genes, including 84 protein coding genes and five ribosomal RNA genes, were aligned using MUSCLE program ([@b7-molcell-37-5-372-3]), and the phylogenetic trees were constructed using four different tree building methods. First, the maximum parsimony (MP) tree was generated by PAUP ([@b45-molcell-37-5-372-3]) under the options of equal character weighting, random taxon addition, and TBR branch swapping options. Gaps were treated as missing. Second, the neighbor joining (NJ) tree was generated with Geneious 6.1.7 using the HKY genetic distance model. Third, for the maximum likelihood (ML) tree, we selected the optimal model with Modeltest 3.7 ([@b32-molcell-37-5-372-3]). The ML tree was evaluated by the GTR + I + G model using RAxML ([@b43-molcell-37-5-372-3]; [@b44-molcell-37-5-372-3]) that is performed using the CIPRES Science Gateway ([@b27-molcell-37-5-372-3]). The strengths of all of the internal branches in MP, NJ, and ML analyses were evaluated by 1,000 bootstrap replications. Fourth, the Bayesian inference (BI) tree was reconstructed by Mrbayes under the following conditions: nst = 6, rates = invgamma, Ngen = 500,000 and samplef = 100, using the CIPRES Science Gateway ([@b27-molcell-37-5-372-3]).

The cp genomes modifications, such as gene/intron gains or losses, inversion events, and the anticodon changes, were treated as binary characters. A total of 30 variable evolutionary events were recorded from the fern lineages. Next, the character states were plotted on the ML tree topology in order to deduce the evolutionary direction of these characteristics. The evolutionary directions were accounted on the ACCTRAN criteria on the parsimony analysis using PAUP ([@b45-molcell-37-5-372-3]).

The complete cp genome sequences of 194 species of land plants were used to analyze the GC contents of coding sequences in the cp genome ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). All cp genome sequences were obtained from NCBI Organelle Genome Resources. The GC contents of the entire coding gene (GCall), first position (GC1), second position (GC2), and third position (GC3), and the effective numbers of codons (ENCs) ([@b58-molcell-37-5-372-3]) were calculated using Acua 1.0 ([@b51-molcell-37-5-372-3]). We also analyzed dispersed repeats using REPuter ([@b24-molcell-37-5-372-3]). Then, each repeat sequence was sorted by similarity. These repeat sequences were reanalyzed using a DNA pattern search (<http://www.geneinfinity.org/sms/sms_DNApatterns.html#>) for calculating the exact numbers of repeat sequences in the complete cp genome ([@b23-molcell-37-5-372-3]; [@b62-molcell-37-5-372-3]).

Analysis of *rpoC1* intron loss
-------------------------------

Five species of the genus *Lygodium* and one accession of *Vandenboschia striata* were collected from Laos, China and Korea for *rpoC1* intron loss analysis. All specimens were kept in the KUS ([Table 1](#t1-molcell-37-5-372-3){ref-type="table"}). Their genomic DNAs were obtained using the same method as described for *O. cinnamomea* and *D. glaucum*. The primer set was designed based on the consensus *rpoC1* sequence among 15 fern cp genomes. The forward primer 'FrpoC1 exon1' (5′-GAAAGCCYAGTVTATTGCGA-3′) was located at the end of exon1, and the reverse primer 'FrpoC1 exon2' (5′-ATGCARACGAATRGCRCGTCC-3′) was in the middle of exon2 in *rpoC1*. We amplified and sequenced the region. The exon/intron of *rpoC1* was annotated by DOGMA, and the *rpoC1* partial sequences were aligned with 14 full fern *rpoC1* sequences by MUSCLE alignment program ([@b7-molcell-37-5-372-3]). We also amplified and sequenced the region for *L. japonicum* as a reference, even though the species was subjected to the completed sequencing of the cp genome.

RESULTS
=======

Phylogenetic analysis of ferns and related groups
-------------------------------------------------

The aligned sequences of 89 cp genes from 35 taxa consisted of 94,790 bp. Among them, 31,312 sites (33.0%) were constant, 10,740 sites (11.3%) were parsimony-uninformative, and 52,738 sites (55.7%) were parsimony-informative. [Figure 1](#f1-molcell-37-5-372-3){ref-type="fig"} shows the ML tree topology with ML and MP bootstrapping support values and Bayesian probability. The MP, ML, NJ, and BI analyses showed largely concordant tree topologies, except on the two nodes leading to lycophytes and Equisetales. First, the lycophytes was a sister group to the euphyllophytes (spermatophytes + monilophytes) in the ML and BI trees ([Fig. 1A](#f1-molcell-37-5-372-3){ref-type="fig"}). However, the lycophytes was a sister group to the spermatophytes in the MP and NJ trees ([Fig. 1B](#f1-molcell-37-5-372-3){ref-type="fig"}). In addition, ML and MP boot strap values prefer to the lycophytes + spermatophytes clade. The ML values between two topologies are not significantly different for this large data set (LM = −1,285,886 *versus* LM = −1,285,889). Second, the Equisetales was a sister group to all other members of monilophytes in ML, MP, and NJ trees, as shown in [Fig. 1A](#f1-molcell-37-5-372-3){ref-type="fig"}. In addition, the bootstrap values of ML, NJ, and MP analyses prefer to the Equisetales + other members of monilophytes clade. However, only the BI tree prefer to the Equisetales + (Psilotales + Ophioglossales) clade, as shown in [Fig. 1C](#f1-molcell-37-5-372-3){ref-type="fig"}. The ML values between two topologies are not significantly different for this large data set (LM = −1,285,886 vs LM = −1,285,874). We also constraint to the alternative tree topologies on both of the nodes to be the lycophytes + spermatophytes clade and the Equisetales + (Psilotales + Ophioglos-sales) clade, as shown in [Fig. 1D](#f1-molcell-37-5-372-3){ref-type="fig"}. The LM values increased from −1,285,855 to −1,285,921 in the analysis

Comparison of the cp genome structures among three leptosporangiate ferns
-------------------------------------------------------------------------

The physical maps of cp genomes from three early diverged leptosporangiate ferns are shown in [Fig. 2](#f2-molcell-37-5-372-3){ref-type="fig"}, and the three newly completed sequences were deposited in the NCBI database under the Nos. KF 225592--225594. The *O. cinnamomea* cp genome sequence was 142,812 bp in length. Large single copy (LSC), small single copy (SSC), and inverted repeats (IRs) were 100,294 bp, 22,300 bp, and 10,109 bp, respectively ([Table 2](#t2-molcell-37-5-372-3){ref-type="table"}). The gene orders and IR-LSC boundaries of *O. cinnamomea* are similar to that of *Equisetum arvense*. The *D. glaucum* cp genome sequence was 151,007 bp in length (KF 225594) and consisted of an LSC (99,857 bp), SSC (21,982 bp), and two IRs (14,584 bp). The *D. glaucum* cp genome had a 9.7 kb inversion between the *trnL*-CAA and *trnV*-GCA when compare to *O. cinnamomea*. The *ndhB* exon2 and *trnL*-CAA was duplicated in the IR region, and *trnV*-GCA moved to the LSC from the IR. The *L. japonicum* cp genome sequence was 157,142 bp (KF 225593) and it was composed of an LSC (85,432 bp), SSC (21,634 bp), and two IRs (25,038 bp).

Comparison of the gene/intron contents among leptosporangiate ferns
-------------------------------------------------------------------

A total of 130 genes were identified in the *O. cinnamomea* cp genome, and they consisted of 84 protein-coding genes, eight rRNA genes, and 38 tRNA genes ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). Among them, four rRNA and five tRNA genes were duplicated in two IR regions. The anticodon sequence of the *trnK* gene was changed from UUU to CUU. In addition, the *ycf1* gene was a pseudogene because of a frameshift mutation. Five genes had alternative start codons, such as ACG or GTG ([Table 3](#t3-molcell-37-5-372-3){ref-type="table"}). A total of 128 genes were identified in the cp genome of *D. glaucum.* The genes consisted of 85 protein-coding genes, eight rRNA genes, and 35 tRNA genes. Four rRNA and five tRNA genes were duplicated in two IRs. The *trnS*-CGA, *trnT*-UGU, and *trnK*-UUU genes were lost, and the anticodon sequence of the *trnL* gene between *trnF* and *rps4* was changed from UAA to CAA. Thirty three genes had internal stop codons, and 19 genes had alternative start codons ([Table 3](#t3-molcell-37-5-372-3){ref-type="table"}).

Patterns of GC contents and ENCs in early diverged leptosporangiate ferns
-------------------------------------------------------------------------

We compared the GC contents of the cp genome coding sequence of bryophytes (8 spp.), Lycopodiopsida (4 spp.), Polypodiopsida (14 spp.), gymnosperms (26 spp.), and angiosperms (142 spp.; [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). The GC content ranged from 29.5 to 39.2% in bryophytes, from 36.8 to 54.4% in Lycopodiopsida, from 33.6 to 42.4% in Polypodiopsida, from 35.1 to 40.0% in gymnosperms, and from 34.4 to 41.3% in angiosperms. We analyzed the GC content for each codon position and the ENCs using a box plot for each taxonomic group. In the GC position-plot, almost all data were distributed near the regression line, and the slope of GC3 was twice as high as the slope of GC1 and GC2 ([Fig. 3A](#f3-molcell-37-5-372-3){ref-type="fig"}). The GC3 showed wider variation than the GC1 and the GC2 ([Fig. 3B](#f3-molcell-37-5-372-3){ref-type="fig"}). The median value of GC3 showed a little variation among seed plants. However, the range of GC3 in Polypodiopsida showed substantial variation. The GC3 value seemed to increase from eusporangiate ferns to leptosporangiate ferns. The ENCs showed a similar distribution pattern when compare to the GC3 values. The ENCs of seed plants were concentrated between 45 and 50, but the ENCs of Polypodiopsida ranged from 41 to 54 ([Fig. 3B](#f3-molcell-37-5-372-3){ref-type="fig"}).

Repeat sequences in the cp genomes of early diverged leptosporangiate ferns
---------------------------------------------------------------------------

The *D. glaucum* cp genome contained more than 100 dispersed repeat sequences. Most of them were located around tRNA genes, especially between *trnL-CAA* and *rrn16*. The cp genome of *D. glaucum* had a 9.7 kb inversion mutation between *trnL-CAA* and *trnV-GAC*. As a result, the position of *trnL-CAA* was moved to the IR region near the *rrn16* gene. The repeat sequences between *trnL-CAA* and *rrn16* usually had a repeating backbone sequence of GGAC-NNNN-AATCC. The sequence was repeated 43 times in the intergenic spacer (IGS) region between *trnL-CAA* and *rrn16,* and 31 of them were AGGAC-NNN-AAATCCT. The 15 bp sequence was similar to the tRNA anticodon loop sequences of *trnF-GAA* and *trnC-GCA* ([Fig. 4](#f4-molcell-37-5-372-3){ref-type="fig"}). The first 5 bp and the last 7 bp in the sequence were conserved, and the middle 3 bp sequence were variable. The IGS region between *trnL-CAA* and *ndhB* also contained many repeat sequences. TCNATGTAGAAA was repeated 10 times, and GAAATAGTAGGGGTTGACATT was repeated four times in this IGS. The *O. cinnamomea* cp genome contained fewer repeat sequences than *D. glaucum*. GGAC-NNNN-AATCC was detected 11 times, with six of them located between *trnL-CAA* and *ycf2*, but AGGAC-NNN-AAATCCT was not repeated in *D. glaucum*. The *L. japonicum* cp genome contained the smallest number of repeat sequence. The GGAC-NNNN-AATCC sequence was repeated six times, with four of the repeats being located between the *trnR-ACG* and *ndhB* genes. AGGACNNN-AAATCCT was repeated four times and three of them located between the *trnR-ACG* and *ndhB* genes. Tandem repeats over 20 bp in length were also detected in all three investigated species. The *D. glaucum* and *L. japonicum* cp genomes contained only AT dinucleotide repeats, while the *O. cinnamomea* cp genome contained di-, hexa-, 7-, 12-, and 17-nucleotide repeats.

Intraspecific cp genome difference of *L. japonicum* and *rpoC1* intron loss in the genus *Lygodium*
----------------------------------------------------------------------------------------------------

The *L. japonicum* cp genome from a Korean population was 118 bp shorter than the Chinese population (KC 536645). The difference between two populations were due to tandem repeats between *psbM* and *trnD-GUC* in LSC and between *ndhB* and *trnR-ACG* in IR. A total of 19 single nucleotide polymorphisms (SNPs) were detected between the two populations. In addition, one small inversion was detected between *rpl32* and *trnP-GGG*.

RpoC1 intron loss was described in the *L. japonicum* cp genome ([@b10-molcell-37-5-372-3]). We extended the intron survey of *rpoC1* to other species of *Lygodium* (Schizaeales) and *Vandenboschia* (Hymenophyllaes) using PCR and sequencing methods. The amplified *rpoC1* sequences from five species of the genus *Lygodium* were about 960 bp, but it was over 1.5 kb in *Vandenboschia*. The amplified region included a whole *rpoC1* intron and the 5′ end of *rpoC1* exon 2. We generated the sequences from all amplified products. However, background noise and double peaks at both ends were present in three sequences of the genus *Lygodium,* so these sequences were excluded from further analyses. Therefore, the sequences from *L. japonicum* (China), *L. poystachyum*, and *V. striata* were aligned with the 14 complete cp genome sequences from ferns ([Fig. 5](#f5-molcell-37-5-372-3){ref-type="fig"}). All surveyed species of the genus *Lygodium* lost the *rpoC1* intron, while all other fern lineages have the *rpoC1* intron.

DISCUSSION
==========

Phylogenetic relationship of monilophytes
-----------------------------------------

Monilophytes consist of four orders of eusporangiate ferns and a clade of leptosporangiate ferns ([@b42-molcell-37-5-372-3]). The phylogenetic relationships among the four eusporangiate ferns were uncertain even though most of the recent data indicate they are paraphyletic assemblages. Specifically, the phylogenetic position of Equisetales is largely different among the data sets, and this relationship remains to be resolved ([@b20-molcell-37-5-372-3]; [@b33-molcell-37-5-372-3]). Our phylogenetic tree developed based on the most comprehensive cp genome data so far placed the Equisetales at the most basal position among the members of monilophytes, even though they did not show a large ML value difference ([Fig. 1](#f1-molcell-37-5-372-3){ref-type="fig"}). The branch length leading to the *Equisetum* is relatively long when compared to other monilophyte lineages, and it is comparable with the branch lengths of *Selaginella* and *Welwitschia*. In contrast, several recent molecular phylogenetic analyses based on cp gene sequences placed the Equisetales either as a sister group to marattioid ferns ([@b33-molcell-37-5-372-3]; [@b34-molcell-37-5-372-3]) or as a sister group to Psilotales ([@b20-molcell-37-5-372-3]). We believe that the tree differences may due to the taxon sampling for the long branched taxa. The *Equisetum* lineages were recognized as a distinct phylum for a long time because of the distinct morphological characteristics of both sporophytes and gametophytes ([@b1-molcell-37-5-372-3]). Their ancestry shows a long evolutionary history that dates back to the Devonian period, and they flourished during the Carboniferous periods in fossil history ([@b12-molcell-37-5-372-3]; [@b40-molcell-37-5-372-3]). The *Equisetum* is the only extant lineages of the group. Addition of more complete cp genome sequences from eusporangiate ferns and basal leptosporangiate ferns will be helpful to resolve the different phylogenetic hypotheses. Our data support the monophyly of leptosporangiate ferns. We added two new complete cp genome sequences from early diverged leptosporangiate ferns: *Ophioglossum* (Ophioglossales) and *Diplopterygium* (Gleicheniales). Osmundales was the first diverged leptosporangiate fern in the tree, and this result concordant to the previous studies ([@b34-molcell-37-5-372-3]; [@b39-molcell-37-5-372-3]). In addition, Geicheniales was placed between Osmundales and Schizaeales. The addition of two early diverged leptosporangiate ferns helped us to understand not only cp genome evolution, but also the evolution of leptosporangiate fern groups. Our phylogenetic analyses also suggest that two alternative positions of Lycophytes, either as a sister group to euphyllophytes or as a sister group to spermatophytes, are not significantly different in terms of ML values and other support values.

Cp genome structure evolution in early diverged leptosporangiate ferns
----------------------------------------------------------------------

Several cp genome structural modifications, including gene/intron loss and inversion, have been reported for various ferns ([@b9-molcell-37-5-372-3]; [@b10-molcell-37-5-372-3]; [@b15-molcell-37-5-372-3]; [@b54-molcell-37-5-372-3]; [@b56-molcell-37-5-372-3]). However, most of these studies were focused on the core leptosporangiate ferns. The complete cp DNA sequences from three early diverged leptosporangiate ferns provide us with new information on the evolution of the cp genome and the phylogenetic relationships of ferns. [Figure 6](#f6-molcell-37-5-372-3){ref-type="fig"} shows the genome evolutionary history on the phylogenetic tree. The coding gene losses occurred mainly for eusporangiate ferns. In contrast, the tRNA gene losses and anticodon substitutions usually occur on non-Osmundalean leptosporangiate ferns. Large inversions among IR-LSC are characteristic of the early diverged leptosporangiate ferns.

The inversion between *trnL*-CAA and *trnV*-GCA in the cp genome of *D. glaucum* is interesting. Due to this inversion, the position of *trnL*-CAA is moved from the LSC to an IR. In addition, many repeat sequences are located in the IGS between *rrn16* and *trnL*-CAA. The repeating AGGAC-NNN-AAATCCT backbone sequence makes up the repeating sequences within this region. The repeat sequence has also been detected in *L. japonicum.* This 15 bp backbone sequence was also reported in the IGS between *trnT*-UGU and *trnR*-ACG in *Alsophila spinulosa* ([@b9-molcell-37-5-372-3]). However, the sequence was not detected in other core leptosporangiate ferns. Therefore, we hypothesize that the 15 bp repeat occurred widely in early diverged leptosporangiate ferns and then the repeat sequences were degraded due to slipped mispairing ([@b28-molcell-37-5-372-3]).

*RpoC1* intron loss was detected only from the genus *Lygodium* ([Fig. 5](#f5-molcell-37-5-372-3){ref-type="fig"}) in fern lineages. *RpoC1* intron losses occur in various plant lineages. They are recognized as a synapomorphic characteristic of the subfamily Cactoideae of Cactaceae ([@b52-molcell-37-5-372-3]) and the tribes Drosanthemeae and Ruschieae of Aizoaceae ([@b48-molcell-37-5-372-3]). However, the intron losses occur independently even within a single genus depending on the species ([@b5-molcell-37-5-372-3]). Similar to *rpoC1* intron losses in angiosperm, the analyses of the *rpoC1* intron loss in ferns will help to indicate some taxonomic grouping. The primer set we developed in this study work well for fern species. So far, we tested the limited samples of ferns and found intron loss only from *Lygodium*. All species of *Lygodium* share this intron loss. This survey needs to expand to more fern species.

The patterns of GC contents by codon position and the ENCs of ferns are different from those of seed plants ([Fig. 3](#f3-molcell-37-5-372-3){ref-type="fig"}). Early diverged ferns show low GC contents and ENCs when compared to the recently originated group. They also show a wide range of variation in GC and ENC values, while seed plants were similar to each other. The difference among groups may be due to the sampling error because many cp genome sequences are reported in seed plants, but only fifteen cp genome sequences are reported in ferns. Nevertheless, the value of GC3 and ENCs are notably different between ferns and seed plants. Furthermore, the GC3 and ENCs values are markedly different between the early diverged leptosporangiate and the core leptosporangiate ferns. We need more information about the cp genome sequences from ferns in order to address this question properly.

The molecular characteristics of the *O. cinnamomea* cp genome
--------------------------------------------------------------

Osmundales have several common characteristics with eusporangiate ferns. However, it is normally recognized as a member of leptosporangiate ferns based on other morphological characteristics. However, the cp genome of *Osmunda* is notably different from other leptosporangiate ferns in the following characters: 1) The cp genome structure is similar to that of *E. arvense,* which is eusporangiate fern; 2) the gene/intron losses that occurred in non-Osmundalean leptosporangiate ferns do not occur in the cp genome of *O. cinnamomea*; and 3) RNA editing sites in the cp genome are frequently predicted or detected in leptosporangiate ferns, but almost no RNA editing sites occur in the *O. cinnamomea* cp genome.

Molecular characteristics are frequently used to indicate specific taxonomic groups. The large inversion between *psbM* and *ycf2* is recognized as a synapomorphic characteristic of seed plants and ferns ([@b36-molcell-37-5-372-3]). In addition, a 9-bp insertion in *rps4* is also a monophyletic characteristic of ferns ([@b33-molcell-37-5-372-3]). Based on molecular characters, leptosporangiate ferns can be divided into two groups: Osmunda-lean ferns and non-Osmundalean ferns. Osmundales is also differentiated from other leptosporangiate ferns by echina-bearing tubercles on the surfaces of spores ([@b50-molcell-37-5-372-3]). Therefore, it is reasonable to distinguish non-Osmundalean leptosporangiate ferns from Osmundalean ferns, or vice versa.

CONCLUSION
==========

The complete cp DNA sequences from three major lineages of basal leptosporangiate ferns provide us a substantial information not only on evolution of the cp genomes and also on the phylogenetics of fern lineages. Our phylogenetic analysis, which was based on the largest numbers of complete cp genomes of Monilophytes so far, showed the paraphyly of the eusporangiate ferns. The Equisetales was the sister group to all other members of monilophytes. The results were consistent for the majority of the other analyses. In contrast to the paraphyly of eusporangiate ferns, the leptosporangiate ferns from a monophyletic group. Within the eusporangiate ferns, the cp genome structures, gene/intron contents, and RNA editing sites of *Osmunda cinnamomea* (Osmundales) were similar to that of the eusporangiate ferns. Therefore, these cp genome characteristics in *Osmunda* are symplesiomorphic conditions. Several lines of morphological and anatomical data, both from sporophyte and gametophyte of *Osmunda*, also support the intermediate or the distinctive natures of Osmundalean ferns from other leptosporangiate ferns. Therefore, the Osmundalean ferns can be recognized as living fossil lineages from leptosporangiate ferns. The GC contents and ENCs in ferns vary significantly when compared to that of seed plants. The both values in the early diverged leptosporangiate ferns showed intermediate levels between eusporangiate and core leptosporangiate ferns. The cp genome of *Diplopterygium glaucum* (Gleicheniales) has a large unique inversion between the *trnL*-CAA and *trnV*-GCA genes. Several repeated sequences were detected around the inversion break points. The cp genome of *Lygodium japonicum* (Schizaeales) showed *rpoC1* intron loss, which is shared among all *Lygodium* species.
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![Phylogenetic tree of ferns and related groups. The best ML tree was constructed using RAxML under the GTR + I + G base substitution model (A). The three consecutive numeric values on each internal node in (A) tree indicate the ML bootstrap support percentage, Bayesian probability, and MP bootstrap support percentage, respectively. Two alternative suboptimal tree topologies (B, C) that are observed frequently in MP, BI, and NJ analyses, were also generated using the topology constraint analyses option of RaxML using the same base substitution assumption. The lycophytes was a sister group of the euphyllophytes (spermatophytes + monilophytes) in the (A) tree, while the lycophytes was a sister group to the spermatophytes in the (B) tree. The Equisetales was a sister group to all other members of monilophytes in the (a) tree, while the Equisetales was a sister clade to the Psiotales and Ophioglossales in the (C) tree. The (D) tree topology represents the combination of the topology of the (B) and (C) trees.](molcell-37-5-372-3f1){#f1-molcell-37-5-372-3}

![The cp gene maps of three early diverged leptosporangiate ferns. When compared to the middle circle of *Osmunda cinnamomea* (Osmundales), the differences of the gene orders and gene/intron contents are marked on the outer circle for *Diplopterygium glaucum* (Gleicheniales) and on the inner circle for *Lycodium japonicum* (Schizaeales). The red broken arrows indicate the inversion mutations when compare to the *O. cinnamomea.* The IR region (blue line) is short in *O. cinnamomea* and shows gene arrangements similar to that of eusporangiate ferns. Gene names with asterisk(s) indicate on or two intron containing gene.](molcell-37-5-372-3f2){#f2-molcell-37-5-372-3}

![GC contents and the effective numbers of codons (ENCs). (A) The scatter diagram of the GC1, GC2, and GC3 against all GC contents. The regression lines and the equations are shown on the diagram. First (blue), second (green), and third (red) codon positions, and the taxonomic groups are distinguished by colors and symbols (five different symbols). (B) The boxplot of the GC contents by codon position (the upper diagram) and the ENCs (the lower diagram) for taxonomic groups. Seed plant lineages usually show small ranges of variation, while the fern lineages, especially the fern allies, show a wide range of variation both in GC contents and ENCs. The core leptosporangiate ferns show higher ENCs than early diverged leptosporangiate ferns.](molcell-37-5-372-3f3){#f3-molcell-37-5-372-3}

![The IGS region between *trnL* and *rrn16* in *D. glaucum*. A 15 bp sequence is repeated 31 times, and the repeating unit is similar to the anticodon loop sequences of tRNA. The number in the circles indicates the number of duplications in each repeating unit.](molcell-37-5-372-3f4){#f4-molcell-37-5-372-3}

![Alignments of *rpoC1* gene regions in ferns. We designed a primer set at the end of exon 1 and in the middle of exon 2 (indicated by black arrows) in order to test the presence or the absence of the *rpoC1* intron. The intron is lost only in the genus *Lygodium*. All eusporangite ferns and all other leptosporangiate ferns contained the intron.](molcell-37-5-372-3f5){#f5-molcell-37-5-372-3}

![The major evolutionary changes of cp genomes among fern lineages. The gene/intron gains or losses, inversion events, and the anti-codon changes were plotted on the abbreviated phylogenetic tree of ferns as shown on [Fig. 1A](#f1-molcell-37-5-372-3){ref-type="fig"}. The evolutionary events were accounted for using the ACCTRAN criteria during the parsimony analysis using MacClade program. The solid and empty circles indicate the presence and the absence of each character states, respectively.](molcell-37-5-372-3f6){#f6-molcell-37-5-372-3}

###### 

The list of complete chloroplast genome sequences and *rpoC1* sequences

  Target                                                      Taxa                                                      Group                                                 GenBank
  ----------------------------------------------------------- --------------------------------------------------------- ----------------------------------------------------- ------------
  Phylogenetic analysis                                       *Arabidopsis thaliana*                                    Spermatophytes                                        NC000932
  *Panax chinseng*                                            Spermatophytes                                            NC006290                                              
  *Nymphaea alba*                                             Spermatophytes                                            NC006050                                              
  *Amborella trichopoda*                                      Spermatophytes                                            NC005086                                              
  *Cycas revoluta*                                            Spermatophytes                                            NC020319                                              
  *Ginkgo biloba*                                             Spermatophytes                                            NC016986                                              
  *Welwitschia mirabilis*                                     Spermatophytes                                            NC010654                                              
  *Pinus koraiensis*                                          Spermatophytes                                            NC004677                                              
  *Adiantum capillus-veneris*                                 Polypodiales(core leptosporangiate ferns)                 NC004766                                              
  *Cheilanthes lindheimeri*                                   Polypodiales(core leptosporangiate ferns)                 NC014592                                              
  *Pteridium aquilinum* subsp. *aquilinum*                    Polypodiales(core leptosporangiate ferns)                 NC014348                                              
  *Alsophila spinulosa*                                       Cyatheales(core leptosporangiate ferns)                   NC012818                                              
  *Marsilea crenata*                                          Salviniales(core leptosporangiate ferns)                  KC536646                                              
  *Lygodium japonicum* (K.-J. Kim et al. KUS 2006-0338)       Schizaeales (early diverged leptosporangiate ferns)       KF225593\*                                            
  *Diplopterygium glaucum* (C.-H. Kim et al. KUS 2000-0022)   Gleicheniales (early diverged leptosporangiate ferns)     KF225594\*                                            
  *Osmunda cinnamomea* (H.-W. Kim et al. KUS 2007-0451)       Osmundales (early diverged leptosporangiate ferns)        KF225592\*                                            
  *Angiopteris evecta*                                        Marattiales (eusporangiate ferns)                         NC008829                                              
  *Ophioglossum californicum*                                 Ophioglossales (eusporangiate ferns)                      NC020147                                              
  *Mankyua chejuensis*                                        Ophioglossales (eusporangiate ferns)                      NC017006                                              
  *Psilotum nudum* 1                                          Psilotales (eusporangiate ferns)                          NC003386                                              
  *Psilotum nudum* 2                                          Psilotales (eusporangiate ferns)                          KC117179                                              
  *Equisetum arvense* 1                                       Equisetales (eusporangiate ferns)                         NC014699                                              
  *Equisetum arvense* 2                                       Equisetales (eusporangiate ferns)                         JN968380                                              
  *Equisetum hyemale*                                         Equisetales (eusporangiate ferns)                         NC020146                                              
  *Huperzia lucidula*                                         Lycophytes                                                NC006861                                              
  *Isoetes flaccida*                                          Lycophytes                                                NC014675                                              
  *Selaginella moellendorffii*                                Lycophytes                                                NC013086                                              
  *Selaginella uncinata*                                      Lycophytes                                                AB197035                                              
  *Anthoceros formosae*                                       Bryophytes                                                NC004543                                              
  *Syntrichia ruralis*                                        Bryophytes                                                NC012052                                              
  *Physcomitrella patens subsp. patens*                       Bryophytes                                                NC005087                                              
  *Marchantia polymorpha*                                     Bryophytes                                                NC001319                                              
  *Aneura mirabilis*                                          Bryophytes                                                NC010359                                              
  *Chaetosphaeridium globosum*                                Charophytes                                               NC004115                                              
  *Chara vulgaris*                                            Charophytes                                               NC008097                                              
  *rpoC1* intron analysis                                     *Lygodium japonicum* (K.-J. Kim et al. TC 2010-0136)      Schizaeales (early diverged leptosporangiate ferns)   KF225595\*
  *Lygodium polystachyum* (K.-J. Kim et al. TL 2008-1701)     Schizaeales (early diverged leptosporangiate ferns)       KF225596\*                                            
  *Vandenboschia striata* (K.-J. Kim et al. TC 2010-1362)     Hymenophyllales (early diverged leptosporangiate ferns)   KF225597\*                                            
  *Lygodium flexuosum* (K.-J. Kim et al. TL 2008-1886)        Schizaeales (early diverged leptosporangiate ferns)       Not sequenced                                         
  *Lygodium microphyllum* (K.-J. Kim et al. TL 2008-1661)     Schizaeales (early diverged leptosporangiate ferns)       Not sequenced                                         
  *Lygodium salicifolium* (K.-J. Kim et al. TL 2008-1772)     Schizaeales (early diverged leptosporangiate ferns)       Not sequenced                                         

Asterisk on the GenBank accession numbers indicate newly reported sequences in this paper.

###### 

The length of quadripartite chloroplast genome of three early diverged leptosporangiate ferns

  Taxa                       LSC(bp)   IR(bp)   SSC(bp)   Total(bp)
  -------------------------- --------- -------- --------- -----------
  *Lygodium japonicum*       85432     25038    21634     157142
  *Diplopterygium glaucum*   99857     14584    21982     151007
  *Osmunda cinnamomea*       100294    10109    22300     142812

###### 

Potential and detected RNA editing sites in chloroplast genome of ferns

  Group                                      Taxon                         No. of alternative start codons   No. of genes with internal stop codons   Maximum no. of internal stop codons in gene   No. of RNA editing sites[^a^](#tfn2-molcell-37-5-372-3){ref-type="table-fn"}
  ------------------------------------------ ----------------------------- --------------------------------- ---------------------------------------- --------------------------------------------- ------------------------------------------------------------------------------
  *Core leptosporangiate ferns*              *Adiantum capillus-veneris*   25                                18                                       4                                             349
  *Cheilanthes lindheimeri*                  26                            22                                4                                        \-                                            
  *Pteridium aquilinum* subsp. *Aquilinum*   29                            25                                8                                        \-                                            
  *Alsophila spinulosa*                      22                            30                                10                                       \-                                            
  *Marsilea crenata*                         28                            21                                3                                        \-                                            
  *Early diverged leptosporangiate ferns*    *Lygodium japonicum\**        21                                17                                       2                                             \-
  *Diplopterygium glaucum\**                 19                            33                                15                                       \-                                            
  *Osmunda cinnamomea\**                     5                             0                                 0                                        \-                                            
  *Eusporangiate ferns*                      *Angiopteris evecta*          1                                 0                                        0                                             \-
  *Psilotum nudum*                           0                             0                                 0                                        \-                                            
  *Ophioglossum californicum*                7                             1                                 1                                                                                      
  *Mankyua chejuensis*                       7                             3                                 1                                        \-                                            
  *Equisetum arvense*                        2                             0                                 0                                        \-                                            
  *Equisetum hyemale*                        1                             0                                 0                                        \-                                            

The numbers of RNA editing sites were reported by [@b55-molcell-37-5-372-3].
